Introduction
Soilborne diseases present significant constraints to continued utilization of arable land in both intensive and low-input agricultural production systems. Diseases incited by fungi and bacteria were reported to account for yield losses ranging on average from 7 to 15% during the period [2001] [2002] [2003] for the major world crops (Oerke, 2005) . Among the 2000 major plant diseases affecting the principle crops produced in the USA, approximately 90% are caused by soilborne pathogens (Lewis and Papavizas, 1991) . Economic losses due to plant parasitic nematodes have been estimated at US$100 billion/ year worldwide (Bird and Kaloshian, 2003) , while in the USA soilborne diseases are estimated to produce crop losses that exceed US$4 billion/year (Lumsden et al., 1995) . Relative to those employed against diseases affecting aerial surfaces of plants (see Legrève and Duveiller, Chapter 4, this volume) , methods for the management of soilborne diseases tend to yield less comprehensive disease control and there are few effective disease control options applicable in a post-plant or perennial crop production setting. Certain practices currently employed for the control of soilborne diseases can confer significant impact on society and the environment that far exceeds the direct
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costs to the grower and consumers. For example, in the case of soil fumigation, although effective disease control may be achieved, such a practice results in major ecological disturbances to the production system as a whole. In the instance of certain chemicals such as methyl bromide, a fumigant once widely used for the control of soilborne plant pathogens, disease control activities not only directly impact the treated biological system but can also adversely impact air quality and may contribute broadly to environmental degradation.
Disease management strategies that are considered to impart a more ecologically sustainable footprint, such as host resistance or the application of microbial biological control agents, are generally effective towards a more limited and targeted pathogen population than chemical control alternatives (Table 11 .1). With few exceptions, biological controls have not attained the level of performance in terms of both efficacy and consistency required to achieve widespread adoption for use in commercial field-level agricultural production systems. Host resistance is a proven and effective strategy for the management of numerous economically important foliar plant diseases such as those incited by biotrophic rust fungi (McIntosh et al., 1995) . Fewer examples exist for soilborne pathogens or parasites, however effective host resistance has been obtained for the control of particular agents such as the ubiquitous and specialized fungus Fusarium oxysporum (El Mohtar et al., 2007; Herman and Perl-Treves, 2007) . Likewise, a multitude of resistance sources in cereals to the cereal cyst nematode have been documented with resistance conferred by a single host gene (Nicol and Rivoal, 2008) . Climate change will be likely to have significant impacts on both of these disease control options, which may further limit their potential for the management of soilborne plant diseases. A dominant impediment to the broad-scale effective use of microbial biological control agents is their failure to persist at required threshold populations in non-native or environmentally extreme environments. Thus, several microbial groups currently viewed as an effective source of biological control agents (e.g. Pseudomonas spp.) may exhibit impaired performance under the predicted climate change models. Likewise, temperature and drought stress associated with climate change has the potential to modulate the effectiveness of host gene resistance, and not necessarily in a predictable fashion (Garrett et al., 2006) .
As climate is undergoing a period of rapid change, the underlying functional biology indigenous to any ecosystem will itself undergo transformations allowing for adaptation of the resident biology to the altered environment (Jarvis et al., Chapter 2; Legrève and Duveiller, Chapter 4, this volume). In et al. (1993) , Mazzola and Gu (2002) , Mazzola et al. (2004) some instances this will yield changes in distribution or incidence of specific plant pests, with parasites of previously restricted distribution perhaps becoming more cosmopolitan. Nevertheless, within the context of this biological community many elements exist that function to enhance plant growth, development and survival. These include such entities as natural enemies, many of which have been effectively utilized in pest management systems for the biological control of plant parasitic insects. The utilization of natural enemies often relies upon the inundative release of one or a few native or non-native predators or parasitoids, a model commonly employed in the application of microbial biological control (Myers et al., 1989) . Within the entomological discipline, an alternative model has been utilized at times to promote native biological control. Such a strategy relies upon the establishment of systems designed to enhance the abundance and diversity of naturally occurring insect predators, ranging from insectivorous birds to the more commonly considered insect predators. Such systems may involve the establishment of mixed cropping systems, internal or external refugia which provide habitats for beneficial organisms to enable pesticide avoidance, an alternative food source or appropriate habitat needs external to the crop production season (Bianchi et al., 2006) . Within the context of soilborne plant disease management, attempts to employ microbial biological control have typically involved the inundative release of nonnative microorganisms into soil systems. Such an approach assumes that the introduced microbial agent or mixture will effectively compete with the resident microbial community, efficiently colonize the rhizosphere of the targeted plant and persist in the rhizosphere at the threshold population required for activity during the period of plant susceptibility, and also that the active mechanism is operative in the environment into which it has been applied. Soil dwelling microbial antagonists of plant pests and pathogens have been studied extensively as to their role in the development of soil suppressiveness (Weller et al., 2002) . These same entities have served as a primary source of microorganisms that have subsequently been evaluated for their capacity to function as agents for the biological control of soilborne plant diseases. Despite the extensive study of these microbial biocontrol agents, there continue to exist extensive gaps in our knowledge of the factors that influence microbial survival and the attributes of the system that will modulate expression of mechanisms directly contributing to disease suppression. As such, in general, attempts to utilize biological control for the suppression of soilborne plant diseases in commercial field-level production systems have failed to yield the predicted disease control potential of these microbial resources. Perhaps this outcome should have been expected as the persistence and activity of any organism in an alien environment, while in competition with the myriad of organisms adapted to that same soil, is rather improbable. In addition, the functional biotic milieu responsible for disease suppression may involve a complexity of interactions well beyond a single microbe or microbial mixture, and may not necessarily function outside its native abiotic matrix.
Suppressive Soils
A significant body of research has focused on the description and function of soils possessing the capacity to suppress soilborne plant diseases. Disease suppressive soils have been defined as those in which disease development is minimal even in the presence of a virulent pathogen and a susceptible host. The concept of disease suppressive soil has been described in terms of both general suppression and specific suppression. Every natural soil possesses some ability to suppress the activity of plant pathogens due to the presence and activity of its complement of resident soil microorganisms (Cook and Baker, 1983) . This can readily be observed when one compares disease progression and severity after artificial introduction of a plant pathogen into a natural soil relative to that achieved in the same soil that has been pasteurized prior to pathogen introduction.
The phenomenon is termed general suppression and is thought to be directly related to the total amount of microbial activity in a given soil rather than operating through the action of a specific microorganism or specific group of microorganisms.
While general suppression is a component of disease suppressive soils, manipulation or exploitation of the biological components contributing to the phenomenon termed specific suppression has perhaps more commonly been the desire of researchers and crop producers when formulating a disease management strategy. Certain disease suppressive soils are naturally occurring and suppressiveness is attributed in part to physical or chemical attributes of the soil (Stotzky and Martin, 1963; Stutz et al., 1989) , or may be modulated by such properties (Amir and Alabouvette, 1993) . In other systems it is accepted that suppressiveness is fundamentally a function of microbiological activity resident to a given soil. The microbial contribution to disease suppression is confirmed by demonstrating that the disease suppressive factor can be transferred to a conducive soil through the introduction of very small amounts of the suppressive soil. Likewise, the observation that the suppressive factor could be eliminated through soil pasteurization affirmed the role of soil microorganisms in disease suppression. The attributes of biologically mediated disease suppression are diverse and the specific qualities or components of the functional biology differ widely with the disease of interest. For example, elevated bacterial population diversity has been associated with a higher degree of soil suppressiveness towards the fungal pathogen Fusarium graminearum, and selective attenuation of this diversity resulted in a reduction in soil fungistasis (Wu et al., 2008) . However, in many instances specific disease suppression is attributed to the activity of an individual or select group of microorganisms that are antagonistic towards the target pathogen (Weller et al., 2002) . Those instances in which soils derive disease suppressive potential through a biologically mediated process will be the focus of this discussion.
Functional Biology of Disease Suppressive Soils
Disease suppressive soils have been identified for a number of plant pathogens, with a few of the more prominent examples including those soils suppressive to Fusarium wilt (Rouxel et al., 1979; Scher and Baker, 1980) , potato scab (Menzies, 1959) , cyst nematode (Westphal and Becker, 1999) , Rhizoctonia root rot (Henis et al., 1979; Barnett et al., 2006; Garbeva et al., 2006) , Pythium root rot (Adiobo et al., 2007) and take-all of wheat (Cook and Rovira, 1976) . Harnessing the potential of these soils as a practical means to manage diseases in agroecosystems has long been a goal; however, there have been limited attempts to actively manage these resources in the context of an overall plant production system. Clearly, the effective implementation of strategies to manage resident soil microbial communities for the suppression of soilborne plant pathogens requires the capacity to initially identify the biological components involved in disease suppression. As noted above, the biotic factors that contribute to specific soil suppressiveness have been elucidated for a number of plant-pathogen systems (Weller et al., 2002) . In certain systems, the capacity of a soil to limit disease is elevated over time in response to the application of specific plant management systems. One of the more notable examples has been documented in soils that are suppressive to the disease take-all of wheat which is incited by the fungal pathogen Gaeumannomyces graminis var. tritici. In systems where wheat is grown under continuous monoculture, disease incidence commonly increases during the initial few years of production but at some point thereafter a spontaneous decline in disease severity is realized, termed take-all decline, and the soil remains suppressive to the disease as long as wheat monoculture is not interrupted (Gerlagh, 1968; Shipton et al., 1973) . Take-all decline has been observed across geographic regions, and in multiple instances 2,4-diacetylphloroglucinol (2,4-DAPG)-producing fluorescent pseudomonads have been shown to play a prominent role in the development of take-all suppressive soils (Weller et al., 2002; de Souza et al., 2003) . Fusarium wilt suppressive soils may also develop in response to crop cultivation (Larkin et al., 1993) , and non-pathogenic Fusarium spp. have repeatedly been implicated as a factor functioning in disease suppression (Alabouvette et al., 1996) , at times in concert with resident siderophore or phenazine-producing fluorescent Pseudo monas spp. (Duijff et al., 1999; Mazurier et al., 2009) . The commonality of functional biology and inducing agronomic practices leading to specific suppression of a disease across geographic regions supports the premise that managing these phenomena is a credible strategy to pursue for soilborne disease management.
Management of Biologically Mediated Soil Suppressiveness
Various attributes of a cropping system including plant species (Garbeva et al., 2006) , input system (organic versus conventional) (Workneh et al., 1993; van Bruggen, 1995; Liu et al., 2007) , tillage (Peters et al., 2003) and fertilization (Smiley, 1978) , among others, will influence ecological processes that determine microbial community structure and function, including its capacity to induce suppression of soilborne plant pathogens. These observations imply that, given knowledge of the operative biological mechanisms, there exists the ability to enhance or diminish the suppressive nature of a resident microbial community through timely application of the appropriate agronomic practices (Workneh and van Bruggen, 1994; Hoeper and Alabouvette, 1996; Pankhurst et al., 2002) . As the induction of soil suppressiveness is often mediated through transformations in soil microbial communities over time (Liu and Baker, 1980; Larkin et al., 1993; Raaijmakers et al., 1997; Mazzola and Gu, 2002; Weller et al., 2002) , there may be a significant opportunity to manage the phenomenon, and perhaps accelerate the onset of the diseasesuppressive state, a notable prerequisite to the economic viability and adoption of such a disease control strategy.
In the management of soil suppressiveness, it may be argued that enhancement of overall general suppression would be the easier course to pursue as this can be achieved simply through elevation of general microbial activity in a soil. In certain instances such a tactic may be a viable means to achieve disease suppression. However, as is true for all but the most drastic control methods (e.g. soil fumigation), it is unlikely to be a universal solution to the management of soilborne diseases. For example, the general suppression phenomenon is reported to function in certain soils suppressive to Pythium root rot (Adiobo et al., 2007) . In addition, control of diseases incited by Pythium spp. in response to addition of organic residues to soils is often attributed to and dependent upon an overall elevation in general soil microbial activity (Hoitink and Boehm, 1999) . While the level of disease control attained will be dependent upon substrate composition and state at the time of soil incorporation (Mandelbaum and Hadar, 1990) , pursuing this strategy for control of diseases incited by Pythium would appear to possess significant potential. In contrast, suppression of other soilborne diseases, such as Rhizoctonia root rot (Henis et al., 1979; Mazzola and Gu, 2002) , may function through 'specific suppression' and rely upon the activity of a defined subset of the total soil microbial community. Substrate-induced generation of soil suppressiveness to Rhizoctonia root rot was dependent upon specific microorganisms or communities resident in the organic substrate (Kuter et al., 1983; Kwok et al., 1987) or the capacity of the amendment to selectively amplify the functional populations resident to the soil (Cohen et al., 2005; Wiggins and Kinkel, 2005a) . Thus, in pathosystems where specific suppression is the primary determinant of disease control, even where overall enhancement of microbial activity realized in response to a management practice, in the absence of the specific functional microbial population disease control may not be realized (Aryantha et al., 2000; Cohen et al., 2005) .
Efforts to direct development of specific soil suppressiveness as a management tool requires knowledge of the biological consortia conferring disease suppression as well as an understanding of how any particular strategy will influence the activity of the functional population. Many biologically based 'alternative' practices have failed to live up to their potential owing to an inability to identify the functional population(s) leading to pest suppression. When such information is available, functional groups can be monitored enabling the prediction of pest control efficacy. For instance, the natural development of soils suppressive towards take-all of wheat in response to wheat monoculture was shown to be dependent upon native 2,4-DAPG-producing fluorescent pseudomonads attaining a threshold population of 10 5 colony forming units (cfu)/g root or greater in order to achieve effective disease control (Raaijmakers and Weller, 1998; de Souza et al., 2003) . This functional population can now serve as a biological indicator to predict the efficacy of practices (e.g. continuous wheat monoculture) that lead to take-all suppressive soils.
Within the scope of a 'functional microbial population' exists an extraordinary level of complexity that may not be apparent nor routinely considered in the application of such a disease management strategy. For instance, populations of 2,4-DAPGproducing fluorescent pseudomonads are genetically diverse and differ in capacity to suppress take-all of wheat (Raaijmakers and Weller, 2001) . Wheat cultivars also differ in both relative density and genetic composition of the 2,4-DAPG population selected from indigenous soil populations of these bacteria (Mazzola et al., 2004) . The capacity of the plant host to seize the benefit from a particular functional group, and diversity in susceptibility of the universal pathogen population to the mode(s) of action contributing to disease suppression will also influence disease development. For instance, a particular plant growth promoting rhizobacteria that elicits defence responses in one plant species (Tran et al., 2007) may yield no such response in a different plant species (Mazzola et al., 2007b) . Although cyclic lipopeptide-producing rhizobacteria function to provide control of diseases incited by certain Pythium spp. through the zoosporocidal activity of these metabolites (de Souza et al., 2003) , this mechanism obviously will not contribute to suppression of diseases incited by Pythium spp. for which zoospore production is not a functional or important component of the disease cycle (Mazzola et al., 2007b) . Thus, various attributes of an agricultural ecosystem are likely to modulate the development and efficacy of a disease suppressive soil.
Strategies to Induce Specific Soil Suppressiveness
Organic residue amendment-induced biological soil suppressiveness A diversity of soil amendments has been explored for the potential to yield a disease suppressive soil. Composts have been the most commonly used substrate in this context and extensive literature exists concerning development and utilization of plant-based composts for control of soilborne plant diseases (Hoitink and Boehm, 1999; van der Gaag et al., 2007) . These organic substrates have demonstrated significant capacity to induce disease suppression in defined environment or growth media conditions (Mandelbaum and Hadar, 1990; Widmer et al., 1998) . However, while it may be arguable, there has been minimal effective use of such materials in field-level production agriculture for this intended purpose. There is no doubt that composts are utilized in a multitude of plant production systems, but consistently and predictably realizing the intended goal, that being the development of soil suppressiveness, has been elusive due to an inability to predict effects on soil biological composition and function. This in part can be attributed to variability in consistency of compost activity, which is a function of multiple factors including substrate composition (Termorshuizen et al., 2006) , storage conditions and curing duration (Danon et al., 2007) . Disease control achieved with any given compost may also be a consequence of host-mediated effects (van Rijn, 2007) . In addition, there exists the potential that organic amendments including composts will yield not only increases in the microbial consortia responsible for potential disease suppression, but may also enhance disease development due to an increase in populations or activity of non-target or target plant pathogens (Cohen et al., 2005; Termorshuizen et al., 2006; Mazzola et al., 2009) . That being said, there are significant opportunities to utilize more clearly defined bio-based products to enhance specific processes including soilborne disease suppression. By 'clearly defined', reference is being made to the consistency of product composition which will enable reproducibility of function, and a capacity to determine functional mechanism(s) involved in such processes. Certain of these amendments, such as fish emulsion or bone meal, operate primarily, though perhaps not exclusively, through chemical mechanisms (Tenuta and Lazarovits, 2004; Abbasi, et al., 2009) . However, there are other examples in which the use of residues from specific sources, such as an individual plant species, act to selectively modulate the resident biology in a manner that yields a suppressive soil. Residues from plants belonging to the family Brassicaceae have been studied extensively for their potential to yield suppression of various plant pests including pathogens, insects and weeds (Brown and Morra, 1997) . Active interest in these plant residues as a soil amendment emanated from the fact that members of this plant family produce glucosinolates which, upon hydrolysis, yield several biologically active compounds, including isothiocyanates. Chemical mechanisms have long been viewed as the dominant mode leading to pest suppression as a result of brassicaceous amendments (Matthiessen and Kirkegaard, 2006) . However, several studies have revealed that other functional mechanisms operate to yield pest control. In some instances soilborne disease and weed suppression obtained in response to specific brassicaceous amendments is not chemically mediated but rather functions at least in part through the resident soil biology (Mazzola et al., 2001; Hoagland et al., 2008) .
Brassicaceous seed meal amendments effectively control a number of soilborne diseases (Smolinska et al., 1997; Mazzola et al., 2001; Chung et al., 2002) . The operative mechanism(s) differs according to the target pathogen and seed meal plant source (Mazzola et al., 2007a) , and in certain instances disease control requires specific changes in microbial community composition that yield soil suppressiveness (Cohen and Mazzola, 2006; Mazzola et al., 2007a) . Another level of complexity is realized when the temporal nature of disease suppression is examined and changes in functional mechanism(s) are revealed. This phenomenon has been most apparent in seed mealinduced control of Rhizoctonia root rot of apple where several lines of support implicated the need for a functional microbial community to attain seed meal-induced disease suppression. Such evidence includes the fact that Brassica napus seed meal (BnSM) provided disease control irrespective of glucosinolate content; the capacity of BnSM amendment to suppress Rhizoctonia root rot was abolished if soil was pasteurized prior to introduction of the pathogen, and only seed meals such as BnSM, but not soybean meal, which significantly elevated densities of resident Streptomyces spp. provided effective disease suppression (Mazzola et al., 2001; Cohen et al., 2005) . Introduction of individual Streptomyces sp. isolates from seed meal amended soils provided a level of disease control that was equivalent to BnSM amendment, and the majority of Streptomyces isolates provided control of Rhizoctonia solani through the induction of host defence responses (Cohen and Mazzola, 2006) .
In Brassica juncea seed meal (BjSM) amended soil, the temporal dynamics in elevation of resident Streptomyces populations corresponded with the induction of soil suppressiveness, providing further support for this phenomenon as a functional mechanism. Disease control in response to BjSM amendment was attained even in pasteurized soil, but only if the amendment was made at the time of pathogen infestation. When addition of R. solani inoculum was delayed until 24 h post-seed meal amendment, pathogen suppression in native (Fig. 11.1 ) or pasteurized soil was not observed. The pattern of observed disease suppression corresponded with the pattern of allyl isothiocyanate (AITC) generation, a process that was completed within 24 h of seed meal amendment (Mazzola et al., 2007a) . Soil suppressiveness to Rhizoctonia root rot was restored to native soils when incubated for a period of 4 weeks, and the re-establishment of disease suppression was associated with the elevation of resident Streptomyces spp. populations (Mazzola et al., 2007a) . Seed meal-induced soil suppressiveness towards Rhizoctonia root rot of apple was also obtained in field trials through the use of various brassicaceous seed meals including that of B. napus (Mazzola and Mullinix, 2005;  Fig. 11.2 ).
Accumulating data demonstrate that soil biology may also contribute to seed meal- . Disease suppression attained when the pathogen was introduced at the time of seed meal amendment (0 h) was attributed to the generation of allyl isothiocyanate, but this chemical was evacuated from the system by 24 h post-seed meal amendment (Mazzola et al., 2007a) . Disease suppression attained when the pathogen was introduced at 4 weeks postseed meal amendment was attributed to the elevated populations and activity of resident Streptomyces. Fig. 11 .2. Effect of soil treatment on Rhizoctonia solani infection of Gala/M26 and Golden Delicious/M7 roots in two apple orchards in Washington state: CV (black bars) and WVC (grey bars), respectively (Mazzola and Mullinix, 2005) . Soil fumigation and seed meal amendment significantly reduced root infection relative to the non-treated control at both orchard sites (treatments with different letters differ significantly P < 0.05), and there was no significant difference between seed meal and fumigation treatments. BnSM, Brassica napus seed meal soil amendment; 1,3-D:C17, 1,3-dichloropropenechloropicrin soil fumigation.
induced suppression of root disease incited by Pythium spp. BjSM effectively controls Pythium root rot through the release of AITC . However, other mechanisms of disease suppression must function in a time-dependent manner as at least partial disease control was attained in response to seed meal amendment even when inoculum of Pythium irregulare was introduced into soils 16 weeks post-seed meal amendment (Fig.  11.3.) . Analysis of fungal communities using a taxonomic macroarray indicated that Trichoderma spp. were preferentially dominant in amended soils suppressive to Pythium whereas the fungal community was more evenly distributed in soils conducive to Pythium spp. (Izzo and Mazzola, 2007) . It is plausible that these fungi, which possess a well-known capacity to provide biological control of Pythium spp. (Howell, 1982; Wolffhechel and Jensen, 1992) , contributed to the observed disease suppression.
Green manure systems to induce biological soil suppressiveness
Green manures have been examined extensively as a means to improve soil quality, but although long studied (Millard and Taylor, 1927; Rouatt and Atkinson, 1950) this practice has been less effective or consistent when applied to a system for the control of soilborne diseases. As with certain organic residue amendments, green manuring may exacerbate disease development if used in concert with an inappropriate pathosystem (Manici et al., 2004) . The lack of consistency can be attributed to various factors, most being similar to those limiting the efficacy of organic residue soil amendments detailed above, including an absence of knowledge concerning the underlying mechanisms of the organic-matter-mediated disease sup pression. As a result, incorporation of green manure crops into soil with the intended goal of specifically managing disease suppressive elements of the resident soil microbial community has received minimal study. The incorporation of green manures has been shown to increase the diversity and density of certain microbes known to have pathogen inhibitory activity, including fluorescent Pseudomonas spp., non-pathogenic Fusarium spp. and Streptomyces spp. However, within resident populations of each of these microbial communities numerous members will inherently lack one or more of the functional attributes that confer capacity to limit disease incited by any given pathogen (Larkin and Fravel, 1999; Gu and Mazzola, 2003; Zhao et al., 2009) . Thus, as in the use of bio-based soil amendments, identification of operative mechanisms and the ability to 
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BjSM fine BjSM coarse Soil treatment Pythium irregulare root infection (%) Fig. 11.3 . Effect of Brassica juncea seed meal (BjSM) on apple root infection incited by Pythium irregulare when oospore inoculum of the pathogen (~2000 propagules/g soil) was introduced into the soil system 16 weeks post-seed meal amendment. Coarse (2-4 mm diameter) and fine (< 1 mm diameter) seed meal particles were used in the assay.
monitor the relative presence of the attribute in native soil microbial populations will be intrinsic to the successful application of green manuring as a means to induce biologically based disease suppressive soils.
Kinkel and colleagues have been at the forefront in attempts to discern the mechanisms of biologically mediated disease suppressive soils developing in response to green manuring. In particular, studies have focused on the contribution of the resident Streptomyces community towards the induction of soil suppressiveness in response to green manures. A green manure crop of buckwheat or canola increased the proportion of streptomycetes in the resident population that were antagonistic towards the potato pathogens Streptomyces scabies, Verticillium dahliae and R. solani (Wiggins and Kinkel, 2005a) . The relative increase in inhibitory activity of the streptomycete community was frequently associated with a decrease in disease development and an increase in potato yields. Similar increases in the proportion of antagonistic streptomycetes and reduction in lucerne root rot were observed in buckwheat or sorghumsudan grass-treated soils (Wiggins and Kinkel, 2005b) . Buckwheat and sorghumsudan grass green manures also increased the density and inhibitory activity of resident bacterial populations and Streptomyces spp. expressing antagonistic action towards the causal pathogen of Fusarium head blight of wheat, F. graminearum (Perez et al., 2008) . As an initial step in the process towards developing a protocol for selection of appropriate green manure crops (or other resource amendments) for the generation of a highly inhibitory soil microbial community, studies were conducted to explore the effects of specific types and quantities of C compounds on resident populations of Streptomyces spp., and their antagonistic potential (Schlatter et al., 2009) . Addition of complex C sources tended to yield greater Streptomyces densities than the simple sugar glucose. Higher inputs in the form of these C sources resulted in a Streptomyces community with greater antibiotic inhibitory activity than when soil was treated at a lower input level. In this system, further characterization of the means by which specific nutrient inputs influence Streptomyces inhibitory activity may enhance the ability to actively manage disease suppressive soils through the green manure management programmes.
Cropping systems to mediate biologically based soil suppressiveness
Several modifications to crop production systems have been employed as a means to control soilborne plant diseases. The most common and effective scheme has been the use of crop rotations, with disease control believed to be achieved as the absence of a suitable plant host results in diminished viability of the pathogen. Attempts to develop specific cropping models to manage the resident soil microbiota for disease suppression have been few. It has been reasoned that as increased plant diversity can enhance microbial community biomass (Zak et al., 2003) mixed cropping systems will generate a more diverse microbial community and thus should be more resilient to pathogen invasion (Workneh and van Bruggen, 1994; Hiddink et al., 2005) . However, the preponderance of examples of induced suppressive soils come from crop monoculture systems (Chet and Baker, 1980; Cook and Weller, 1987) , and limited attempts to compare mixed crop systems with single crop systems indicate that mixed systems may not enhance microbial diversity or disease suppressiveness (Hiddink et al., 2005) . Plant root systems and their release of a complement of root exudates serve as a dominant driving force in determining soil microbial community diversity and density (Lemanceau et al., 1995; Dalmastri et al., 1999; Miethling et al., 2000; Marschner et al., 2001; Berg et al., 2002; Mazzola and Gu, 2002) , particularly in conventional crop production systems where organic matter and substrate availability is typically nominal. As noted above, certain crop monoculture systems express the ability to select for microbial communities that over time lead to the development of soils suppressive to specific soilborne pathogens (Larkin et al., 1993; Weller et al., 2002) . Alternatively, previous cropping systems may inadvertently yield a soil suppressive to a pathosystem of a subsequent unrelated crop. For example a soil cropped to a continuous wheat monoculture was shown to be bio logically suppressive to Rhizoctonia root rot of apple incited by R. solani AG-5 (Mazzola, 1999) . Once planted to apple, soil suppressiveness towards this pathogen diminished over time and loss of disease suppression corresponded with specific changes in composition of the fluorescent Pseudomonas spp. population and reduced densities of Burkholderia cepacia recovered from orchard soils. Interestingly, soil suppressiveness towards Rhizoctonia root rot of both apple and wheat could be restored in greenhouse trials through repeated cultivation of these soils with wheat (Mazzola and Gu, 2000, 2002) . Restoration of soil suppressiveness was associated with a transformation of the fluorescent pseudomonad community to one that more closely resembled that initially recovered from the field suppressive soil.
Although extended cultivation of apple selected for a microbial community lacking apparent inhibitory activity towards soilborne fungal pathogens (Mazzola, 1999) , this does not appear to be a universal response in perennial plant production systems. Long-term grapevine monoculture enriched the soil with fluorescent pseudomonad genotypes that produce 2,4-DAPG and hydrogen cyanide (HCN) (Svercel et al., 2009 ), bacterial characteristics which have been repeatedly associated with disease suppressive soils (Haas and Défago, 2005) . While the duration of grapevine monoculture examined in this study was excessive, with certain sites planted since the first millennium without interruption, this example does demonstrate again the capacity of crop monoculture to selectively enhance microbial communities functional in the development of disease suppressive soils.
In an evaluation of organic cropping systems, Postma et al. (2008) reported significant differences in soil suppressiveness towards multiple pathogens, including R. solani AG 2.2IIIB, which is an important pathogen of sugarbeet. Disease suppression was elevated in systems that employed a grass-clover sequence within the rotation cycle, and suppressiveness lasted 2 years beyond this sequence but disappeared after 3 years. The development of soil suppressiveness in this system was correlated with a significant increase in Lysobacter spp. populations. Lysobacter spp. produce a number of lytic enzymes and antibiotics that account for their capacity to provide biological control of various fungi and oomycetes (Kobayashi et al., 2005) . The association of Rhizoctonia suppressiveness and Lysobacter was re stricted to clay soils and was not detected in sandy soils (Postma et al., 2008) .
Multiple aspects of a production system have the capacity to limit or enhance the adoption of plant-mediated induction of soil suppressiveness as a viable practice for the management of soilborne plant diseases. Foremost among these is the time frame, perceived or actual, required to bring about the disease suppressive state. Different plant species or genotypes have inherently differential abilities to select for microbial communities with the capacity to yield disease suppression (Smith et al., 1999; Mazzola and Gu, 2002; Mazzola et al., 2004; Berg et al., 2005) . Thus, plant species or genotype evaluation will be instrumental to optimizing densities of the functional microbial population and reducing the time necessary to yield a disease suppressive soil. 2,4-DAPGproducing fluorescent pseudomonads have a demonstrable role in the development of soils suppressive to take-all of wheat (Weller et al., 2002) and also have been isolated from soils that naturally suppress black root rot of tobacco (Keel et al., 1996; Ramette et al., 2003) or Fusarium wilt disease (Landa et al., 2002) . Development of a take-all suppressive soil requires a threshold population of these bacteria (Raaijmakers et al., 1997) and certain bacterial genotypes possess a superior capacity to limit disease development (Raaijmakers and Weller, 2001) .
Plant genotypes were shown to differ in both the ability to enrich for populations of indigenous 2,4-DAPG-producing fluorescent pseudomonads and the dominant bacterial genotype that was supported in the rhizosphere (Mazzola et al., 2004; Picard et al., 2008) . In addition, expression of 2,4-DAPG biosynthetic genes in the rhizosphere is influenced by plant genotype (Notz et al., 2001; Jamali et al., 2009) . Thus, effort to select for plant genotypes that possess a greater capacity to stimulate resident populations of effective 2,4-DAPG-producing fluorescent pseudomonad genotypes, or other functional genotypes, should be of benefit in systems that seek to utilize cropping systems as a means to induce disease suppressive soils.
The importance of plant genotype in determining the development of a biologically suppressive soil has been demonstrated in multiple systems. The capacity of continuous cropping of watermelon to induce soil suppressiveness to Fusarium wilt was cultivar dependent (Larkin et al., 1993) . Furthermore, plant genotype was shown to be a significant factor in the capacity of wheat cultivation to yield a soil microbial community suppressive towards Rhizoctonia root rot of wheat and apple (Mazzola and Gu, 2002) . Among five genotypes evaluated, only two were shown to consistently generate a soil biologically suppressive towards Rhizoctonia root rot in response to successive wheat growth cycles (Mazzola and Gu, 2002) . The two effective wheat cultivars, 'Lewjain' and 'Penawawa', altered the genetic and species composition of the fluorescent pseudomonad community resident in the wheat-cropped orchard soils (Mazzola and Gu, 2002; Gu and Mazzola, 2003) . The fluorescent Pseudomonas spp. population from the resulting suppressive soils demonstrated a significantly greater degree of antagonism towards R. solani than did the population from non-treated control soil or soils cultivated with wheat genotypes that were ineffective in the induction of soil sup pressive ness.
In subsequent studies, the capacity of continuous wheat cropping as a means to effectively control Rhizoctonia root rot of apple was demonstrated in field trials (Mazzola and Mullinix, 2005) . In this system, a three-cultivar seed mixture was used in the cropping of wheat on a replant apple orchard site with three successive 10-week growth cycles. At the end of each growth cycle plant biomass was removed prior to replanting the site, and at the end of the third wheat cycle the orchard was planted to Gala/M26 apple. Under this practice, Rhizoctonia root infection was significantly reduced (Fig. 11.4 ) and the wheat cropping (Mazzola and Mullinix, 2005) . Bars designated with the same letter do not differ significantly (P > 0.05). MeBr, pre-plant methyl bromide soil fumigation; Wheat (1 year), mixed cultivar cover crop grown for three successive 10-week plantings followed by removal of plant biomass; Cgm, canola green manure with soil incorporation of plant biomass.
procedure was more effective than a 1-or 2-year canola green manure in suppressing this root disease. The 3-year canola green manure was as effective as the wheatcropping scheme in limiting apple root infection by Rhizoctonia spp.
Conclusions
Active management of the biological resources native to agricultural soil ecosystems is a logical progression in our studies of the basis for the function of disease suppressive soils. While studies of disease suppressive soils have provided a wealth of information concerning the source of biological activity there has been relatively little progress in our capacity to manage the effective microbial resources indigenous to agricultural ecosystems. Rather, focus has remained on isolation and identification of the numerous biologically active microbial agents resident in such soils, and subsequently resorting to the inundative release of these microorganisms into non-native soils or crop production systems. Climate change undoubtedly will have an effect on many biological processes leading to altered ecosystem function. Such changes are predicted to modulate the efficacy of certain strategies that are commonly utilized for the management of soilborne diseases. In concert with the loss or impending restricted use of numerous chemicals (e.g. methyl bromide) previously used for soilborne disease control, it seems an appropriate time to further examine the prospect for managing ecosystem microbial resources as a viable soilborne disease control strategy. While climate change is bound to have impacts on the soil biology that is functional in disease suppressive soils, pathogen populations will acclimatize to these changes concurrently with the resident microbial milieu and thus effective adaptive traits are likely to reside across these broad communities.
In the development of protocols for the management of disease suppressive soil biology, it may be useful to consider the similar efforts pursued within the field of bioremediation and the comparable impediments to effective use of specific plant-mediated strategies. Specific plant systems are designed not only for phytoextraction of pollutants but also as a means to secure the value of microbial partners that possess the ability to degrade organic pollutants. Much as is the case in phytoremediation efforts, little emphasis has been placed on breeding efforts towards the development of crop genotypes with an elevated capacity to select for specific microbial genotypes functional in disease suppression. Reluctance to pursue plant breeding programmes focused on such attributes was limited until recently by a lack of acceptance or understanding of this phenomenon as a valuable parameter to crop improvement.
Molecular plant breeding programmes are at the head in the development of plants with enhanced capacity to select for plant beneficial microbial communities, including those involved in disease suppression. Multiple recent examples demonstrate the potential of this approach. A transgenic tobacco overexpressing ferritin imposed reduced iron availability in the rhizosphere resulting in a fluorescent pseudomonad community with a greater ability to grow under iron stress conditions. This resulting bacterial population possessed a greater capacity to inhibit growth of the plant pathogen Pythium aphanidermatum (Robin et al., 2007) . Genetic modification of the wheat cultivar 'Bobwhite' by insertion of the powdery mildew resistance gene Pm3b resulted in multiple transgenic lines with an enhanced capacity, relative to the parental line, to select for 2,4-DAPG-producing fluorescent pseudomonads (Meyer et al., 2009) . Thus, evidence indicates that efforts to develop crop cultivars with an elevated potential to exploit the resident disease suppressive microbial community are not futile, and in fact will be worthwhile for the development of more sustainable crop production systems.
Strategies other than those discussed here have received a modicum of research investigation but may effectively serve to manage microbial resources resident in agroecosystems in a manner to suppress soilborne plant diseases. In addition to the use of organic amendments or the design of specific cropping sequences, further methods such as fertility management, crop residue management and soil tillage (Peters et al., 2003) may function to enhance soil suppressiveness. While adaptation of these cultural practices to increase the level of soil suppressiveness is receiving increased attention as a potential soilborne disease control practice, there has been only minimal consideration of the effect of such treatments on overall soil biology composition and function.
It is a daunting task to envision development of management systems to yield biologically suppressive soils for diseases in which such soils have not previously been characterized. Such an undertaking requires initial focus on identification of the microbial attributes that function to elicit disease suppression. Although such investigations continue to be a complex and protracted process, emerging tools in molecular microbial ecology, including metagenomics and pyrosequencing will enable more rapid evaluation of microbial community structure, and ultimately function (van Elsas et al., 2008) . Such analytical tools will enable more complete examination of resident soil biology, changes to such populations in response to specific practices, and comparative microbial community analysis among soils allowing one to more reliably predict microbial effectors of disease suppression. These same methods will enable more efficient analysis of microbial community structure in response to agroecosystem management practices and enable prediction of the resulting benefits to plant growth through disease suppression. A greater understanding of the consequence of such treatments on food webs that modulate the density and activity of microbial populations functional in disease control will be instrumental to the development and eventual adoption of tools for the management of disease suppressive soil biology.
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